We present two non-supersymmetric models involving different content of additional vector-like fermions. In both models, gauge coupling unification, neutrino mass generation and Higgs inflation mechanism are related to each other. It is known that when TeV scale vector-like fermions are introduced in order to implement the Standard Model (SM) gauge coupling unification, it also solves the SM Higgs vacuum stability problem. Involving additional new state at intermediate scale makes it possible to give successful gauge coupling unification even at reduced Planck scale. We adopt in our models Type I seesaw mechanism for neutrino masses. Appropriate choice of the type I Seesaw scale allows us to have an arbitrarily small but positive value of SM Higgs quartic coupling around the reduced Planck scale. Implementing this observation into the SM Higgs inflation models leads us to have the non-minimal coupling ξ between Higgs field and Ricci scalar less then 100. We present a few benchmark points where we show that the scalar spectral indices are around 0.9626 and 0.9685 respectively for the number of e-folding N = 50 and N = 60. The tensor-to-scalar ratios are at the order of 10 −3 . The running of the scalar spectral index is negative and is order of 10 −4 .
I. INTRODUCTION

Discovery of the Higgs boson as predicted by the Standard Model (SM) by the ATLAS and
the CMS experiments became the moment of triumph for particle physics [1] [2] [3] . Such a historic discovery together with decades of electroweak precision data have well established the validity of SM up to accessible energies. However, there is no verified explanation of the origin of the small neutrino masses or inflation. No viable candidate for the dark matter in the SM. More theoretical question: Why in the SM Higgs vacua is meta-stable for the central values Higgs and top quark masses [4] or why gauge couplings does not unify precisely at high scale when we have very strong trend for it. Due to these unwavering issues, various extensions of SM have been proposed.
Although there are many observational evidence in favor of inflation [5] , the nature of the inflation is still unclear. An interesting proposal directly connects cosmology and particle physics is the idea the SM Higgs boson could play the role of the inflaton [6] above a scale Λ.
Above Λ, the potential of the Higgs field becomes flat and the slow-roll inflation is realized.
In this scenario the SM Higgs boson has non-minimal coupling ξ to Ricci scalar. In general non-minima ξ coupling is order of 10 4 and the unitarity is violated at the scale M P l / √ ξ. It was pointed out in ref. [7] this result does not necessarily spoil the self-consistency of the Higgs inflationary scenario. On the other hand it was shown that simple extension [8] of the SM can preserve unitarity of theory up to Planck scale.
The aim of this paper is to construct the model where so-called critical [9] Higgs inflation (ξ < 100) naturally can be realized without using specific values for Higgs and top quark masses.
When all non-minimal couplings are not particularly large, ξ < 10 2 , the renormalizable lowenergy effective field theory is reliable up to 3 × 10 17 GeV or so. which is close by to the typical string scale. We also consider the case when unitarity is valid up to Planck scale without going much in detail. Just assuming that new physics which restores unitarity above Λ scale dose not affect mach our results.
The idea of grand unification theory (GUT) or string theory is one of the most attractive idea in particle physics. In most cases both theory naturally predict gauge coupling unification at high scale. In this paper we adopt this gauge coupling unification without asking what is underline theory. There are class of models where where gauge coupling can be unified at the Planck scale or so [10] . In this paper we present two models. This two models differ by low scale fermionic vector-like fermion content. In order to have string or Planck scale unification we also introduce at intermediate scale additional sfermion. The presence of these fermions significantly modifies the evaluation of SM Higgs quartic coupling and solves the SM vacuum stability problem [11] .
The secret of neutrino masses may lie in some form of seesaw mechanism, where a SM singlet right-handed neutrinos with large Majorana masses cause the light neutrino masses (Type-I seesaw) [12] . Embedding Type I seesaw mechanism for neutrino mass in our scenario allow us to have the control SM Higgs quantic coupling at inflation scale. As we will show in this scenario there is no problem to have any small values for the SM Higgs quartic coupling at inflation scale. As the result we can have the minimal values for ξ(< 100) coupling when central values for the top quark and SM Higgs mass are taken.
The remainder of this paper is organized as follows. In Section 2 we briefly outline the models. In Section 3 we present results of renormalization group equations (RGE) evaluation.
Section 4 is dedicated to the Higgs inflation. Numerical study of Higgs inflation in our models are given in section 5. The Tables in this section presents some benchmark points which summarize our results. Our conclusions are presented in Section 6. In Appendix A, we briefly discuss the RGEs related to our models.
II. THE MODELS
We present two models where gauge coupling unification can be achieve around the reduced Planck scale 2.43 × 10 18 GeV or 3 × 10 17 GeV which we can relate to the string scale. It is known that there are class of models where gauge coupling can be unified at the Planck scale or so [10] . The presence of these fermions significantly modifies the evolution of SM Higgs quartic coupling and solves the SM vacuum stability problem. In our scenarios we embed Type I seesaw mechanism for neutrino mass, which we found allow us to have the SM Higgs quartic coupling positive but arbitrary small at unification scale. This observation can be useful for lowering the values of non-minimal coupling ξ between Higgs field and Ricci scalar, which is crucial player in the SM Higgs inflation models.
A. Model I
Model I is extension of the SM with additional vector-like fermions Q x (3, 2, 1/6)+Q c x (3, 2, −1/6) around the TeV scale, as well as the SU (3) C and SU (2) L adjoint fermions G x (3, 1, 0) and (1, 8, 0) at the intermediate scales. Here the brackets contain the SU (3) c × SU (2) L × U (1) Y quantum numbers of the new particles. Particular interest to us are TeV-scale vector-like fermions which are kinetically accessible to the current and foreseeable future collider energies.
We also introduce 3 right handed neutrino in order to realize Type I seesaw mechanism for neutrino masses. [13, 14] . Model 2 also has 3 the SM singlet right handed neutrinos for neutrino mass generation.
The quantum numbers of above mentioned additional particles under
The TeV-scale vector-like fermions alter the RGE evolution and as a result we have positive value for Higgs quartic coupling all way up to the reduced Planck scale. We introduce G x and W x to achieve the unification scale higher than the traditional GUT scale [10] .
C. Type-I seesaw
This is the simplest extension of the SM for understanding the small neutrino masses. It just requires 3 addition of SM-singlet Majorana fermions, known as right handed neutrinos N α , to the SM particle content. The relevant piece of the Lagrangian is given by 
Here v stands for the Higgs vacuum expectation value (VEV) and v = 246 GeV. It is well known that in order to satisfy current experimental data for neutrino masses Dirac Yukawa coupling Y ν needs to be O(1) when right handed neutrino mass scale is 10 14 GeV or so. As we will show big Dirac Yukawa coupling will give significant contribution to the the SM Higgs quartic coupling evolution. This contributions allow us to have the SM Higgs quartic coupling as small and positive as it is needed at inflation scale for the successful Higgs inflation.
III. SOLUTION TO THE RGES
To analyze the evolution of the SM parameters, one needs to solve the set of RGEs which in turn requires one to define the relevant couplings at some energy scale. In this case, all the SM gauge couplings, Yukawa couplings and SM Higgs quartic couplings were evaluated at two-loop level up to the energy scale corresponding to the new particle mass scale. At energies above the new particle mass the couplings were evolved continuously but with the updated RGEs, see the appendix A.
With m t = 173.34 GeV and m h = 125.06 GeV, we present the gauge coupling unification at the reduced Planck scale in Fig. 1 (a) and Fig. 2 (a) for Models I and II, respectively. In value for SM Higgs quartic coupling at string or reduced Planck scale. As we will show that this observation will be very useful when we discuss the SM Higgs inflation. In Figure 2 I, the allowed range for m t and M h parameter space is larger in Model II.
IV. HIGGS INFLATION
Next, we consider the Higgs inflation by introducing a non-minimal coupling between the
Higgs doublet and gravity. In the Jordan frame, the action is
where the reduced Planck scale M Pl is set to be 1, and H = (0, v + φ)/ √ 2 is the Higgs doublet in the unitary gauge. The physical Higgs field φ is taken to be the inflaton.
The RGE improved effective inflaton potential is
with λ(φ) the solution of the RGE for the Higgs coupling. In the Einstein frame with a canonical gravity sector, the theory is described by a new inflaton field σ that has a canonical kinetic term. The relation between σ and φ is dσ dφ
The action becomes
where
The inflationary slow-roll parameters in terms of φ are expressed as
where the prime denotes a derivative with respect to φ, while λ(φ) is taken as λ(φ 0 ). The scalar spectral index, tensor-to-scalar ratio, running of the scalar spectral index, and power spectrum [17] are respectively
where C = −2 + ln 2 + γ −0.7296 with γ the Euler-Mascheroni constant. Here, we also considered the second-order corrections, which will give extra contributions of δn s ∼ 0.001 and δr ∼ −1 × 10 −4 . The e-folding number is given by
and the inflation ends once (φ e ) or |η(φ e )| reaches 1.
In the following numerical discussions, we shall find that inflation always ends when = 1 in Models I and II. So let us study the corresponding constraint on ξ. For (φ e ) = 1, there are two positive roots and two negative roots for φ e :
.
Because we require both φ > 0 and ξ > 0, Eq. (15) is the only physical solution. Let us study the possible value of ξ in the following (1) Assume that ξ locates in the range of 0 < ξ ≤ 1, we obtain φ e ≥ 2 2 7 M Pl from Eq. (15).
And then inflation ends above the reduced Planck scale, Thus, we can have 0 < ξ ≤ 1 only for the trans-Planckian inflation.
(2) To satisfy the condition 0 < φ e < M Pl , we find that ξ can only locate in the ranges of ξ > 1 or ξ < − 7 6 . With ξ > 1 and φ 0 > φ e , the number of e-folding is
With N fixed, Eq. (19) is actually a functional relation between ξ and φ 0 . We present ξ versus In short, for Higgs inflation taking place below the reduced Planck scale, i.e., the subPlanckian inflation, there is a lower bound on ξ, which is 71.16 for N = 50 and 84.67 for N = 60. Especially, it is impossible to get 0 < ξ ≤ 1. This conclusion is model independent as long as the Higgs-gravity coupling is taken to be in Eq. (2).
V. NUMERICAL STUDY FOR INFLATION
We will discuss the numerical results for the inflationary observables as our predictions, which can fit the current experimental data. We define the precise gauge coupling unification condition as α For a fixed N = 50 and 60, we find that the inflationary predictions or observables can be consistent with all the current experimental constraints from the Planck, Baryon Acoustic
Oscillations (BAO), and BICEP2/Keck Array data, etc [18, 19] . And the couplings ξ can be adjusted to realize the observed power spectrum P s = 2.20 × 10 −9 . In particular, we find that inflation always ends when = 1 in our models. For numerical results, we present some concrete benchmark points for Model I in Tables III as well as for Model II in Tables IV. To achieve the gauge coupling unification at the reduced Planck scale, we find that M 8 ∼ general, which will be very important at least in the string model building! Moreover, the scalar spectral indices are almost the same and they are around 0.9626 and 0.9685 respectively for N = 50 and N = 60, the tensor-to-scalar ratios are at the order of 10 −3 , and the running of the scalar spectral index is negative and at the order of 10 −6 . In particular, with some fine-tuning of the input parameters, we can obtain that λ(φ 0 ) is at the order of 10 −6 , and then ξs are close to their lower bounds around ξ ∼ 71 − 84, which are given in Tables III and IV . In short, we indeed solve the ξ problem in the Higgs inflation. In Tables I -VI , the values at the center of both tables is the Seesaw scale M R adopted to meet requirements. λ should be as small as possible for the purpose of Higgs inflation happening at inflation scale but still above zero to solve the stability problem. The precision of M R shown in the Tables I -VI is due to the small ζ in our models. I and II are the allowed range of paramters of m t and M h in model I when the unification is around the reduced Planck scale. Tables Vand VI are for model II when the unification happens at the string scale.
To understand our numerical results with small ξ close to its lower bound, let us study it in more details. The scalar power spectrum amplitude is given by
where the Higgs coupling λ(φ 0 ) also depends on the parameters involved in the RGE evolution,
With ξ given and N = 50 fixed, φ 0 is determined, so we ac-
The relations between (ξ, φ 0 , P s ) are plotted as the functions φ 0 = φ 0 (ξ),
where (m t , M R , M 8 , M 3 , M U ) are taken to be (173.34, 1.7786 × 10 14 , 1.25 × 10 9 , 1.24 × 10 9 , 2.43 × 10 18 ) GeV. As we can see from these figures, φ 0 = φ 0 (ξ) is an input parameter independent function: φ 0 decreases when ξ increases. On the other hand,
and P s = P s (ξ|m t , M R , M 8 , M 3 , M U ) delicately depend on the selected input parameters. With little changes in m t and M R , the functions with the local maximum become the functions with the local minimum. The gray lines in Fig. 4 gives the constraint of the correct power spectrum P s = 2.20 × 10 −9 . Thus, we show explicitly that there are two viable regions in the P s versus φ 0 (M Pl ) and P s versus ξ planes, which give the observed power spectrum. One kind of viable regions has small ξ ⊂ (70 − 86) and large φ 0 ∼ M Pl , and the benchmark points are given in Tables III and IV . In both of our models, we can indeed obtain ξ around 70 − 80, which is almost the minimum ξ that can be realized. And then the ξ problem is indeed solved. 
VI. CONCLUSION
We have studied the Higgs inflation in two non-supersymmetric models with gauge coupling unification in which the stability problem could also be solved. To achieve the gauge coupling unification around the string scale and close to the reduced Planck scale, we considered Models I and II with the TeV-scale vector fermions and intermediate-scale SU (3) C and SU (2) L adjoint fermions. Also, we employ the Type I seesaw mechanism explaining the tiny neutrino masses.
We have shown that, by choosing the Seesaw scale, we have a full control of the SM Higgs quartic coupling at the string scale and reduced Planck scale. In addition, we discussed the gauge coupling unification in details, and found that the adjoint fermions in Model II have similar intermediate-scale masses, which might have interesting applications in string models.
Also, we showed explicitly that the SM Higgs quartic coupling is positive up to the reduced Planck scale in our models, and then the stability problem can be solved.
For Higgs inflation, we required that the inflaton value be smaller than the reduced Planck scale so that the quantum gravity effect can be suppressed. Because inflation always ends when = 1 in our models, for sub-Planckian inflation we obtained ξ ≥ 71.16 and ξ ≥ 84.76 for the number of e-folding N = 50 and N = 60, respectively. For our numerical results, we presented some benchmark points in these models, and found that the scalar spectral indices are almost the same and they are around 0.9626 and 0.9685 respectively for N = 50 and N = 60, the tensor-to-scalar ratios are at the order of 10 −3 , and the running of the scalar spectral index is negative and at the order of 10 −4 . In particular, with some fine-tuning of the input parameters, we obtained that λ(φ 0 ) is at the order of 10 −6 , and then ξs are close to their lower bounds around ξ ∼ 71 − 84. Thus, we can solve the ξ problem in the Higgs inflation. To understand our results, we studied the relations among φ 0 , ξ, and P s . In particular, we showed that there are two viable regions in the P s versus φ 0 (M Pl ) and P s versus ξ planes, which give us the correct power spectrum. One kind of viable regions has small ξ ⊂ (70 − 86) and large φ 0 ∼ M Pl , while the other kind has large ξ ∼ O(10 3 ) and relatively small φ 0 ⊂ (0.2 − 0.3) × M Pl . We select the benchmark points for small ξ in two models for comparison.
with the one-loop and two-loop contributions given by
with y t from M Z to m t to determine the initial value of the top quark Yukawa coupling y t (m t ).
The running top quark mass m t gets one-loop and two-loop QCD corrections and also the one-loop electroweak one-loop correction. To solve the RGEs, we use the boundary conditions at M Z given by
We then integrate the RGEs for (g i , y t , λ) from M Z to the scales of vector-like fermions M V , M 3 , M 8 and to the Seesaw scale M R and continue to integrate the RGEs for (g i , y t , λ, S ν ) from
